 Shallow sediment porewaters have two different sources
Introduction
Methane-rich fluids are present worldwide in continental margin sediments (Judd and Hovland 2009 ) and sedimentary methane is a potential hazard that can trigger slope instabilities (Vanneste et al., 2014) and cause accidental blow-outs during hydrocarbon exploration drilling.
Any methane that reaches the atmosphere will also act as a potent greenhouse gas, accelerating global warming (McGinnis et al., 2006 , Skarke et al., 2015 . It is estimated that geological sources, including marine methane release, contribute ~45 Tg yr -1 of methane to the atmosphere (Etiope et al. 2008; Kvenvolden and Rogers, 2005) , which is <10% of global methane atmospheric emissions (Ciais et al., 2014) . Recent estimates based on long-term carbon isotope records indicate that methane emission from natural gas, oil and coal production might, however, be much higher than previously suggested (Schwietzke et al., 2016) . The importance of the marine contribution to methane emissions is uncertain as monitoring of fluid flow activity remains a challenge and uncertainties exist in understanding of fluid migration pathways, fluid alteration processes and leakage rates. Moreover, new seafloor features with methane-rich fluids in the near-surface sediments are continually being discovered (e.g. Krämer et al., 2017) .
There are a number of reliable indicators for the presence of fluid flow activity and methane-rich fluids in near-surface sediments. These include geomorphological indicators such as the presence of pockmarks and mud volcanoes (Chen et al., 2015; Dupré et al., 2014; Holvand and Sommerville, 1985; Pierre et al., 2014) that are interpreted to be caused by sustained gas seepage from deeper hydrocarbon reservoirs that are in hydraulic connection with the sediment overburden (Karstens and Berndt, 2015; Nicoll et al., 2012; Heggland, 1997) . These gases and fluids migrate from depth through buried faults and glacially-derived tunnel valleys that can reach the seabed and transfer material into the water column and ultimately to the atmosphere (Cartwright, 2011; Cartwright, 1994; Cavanagh and Haszeldine, 2014; Nicoll, 2012; Schroot et al., 2005; Wiprut and Zoback, 2000) . The presence of fluid flow within shallow sediments can also be inferred from seismic reflection data by the presence of characteristic variations in the amplitude/reflection coefficient of the seismic signal (Cevatoglu et al., 2015; Tóth et al., 2014; Wiggins et al., 2015) , and from steep gradients in porewater chemistry (e.g. Holvand et al., 2012) . The chemical composition of the porewaters is strongly dependent on their origin, their migration and, as they are often highly reactive, their chemical transformation during transport.
Finally, the presence of white microbial mats at the seafloor formed by giant filamentous sulfide oxidizing bacteria is often used as a proxy for the presence of reduced, methane-containing fluids in the shallow subsurface (e.g. Hovland and Svensen, 2006; Hovland et al. 2012) . These microbial mats live on the sulfide produced by the microbial turnover of methane with sulfate deeper in the sediment (anaerobic oxidation of methane: CH 4 + SO 4 2--> HS -+ HCO 3 -+ H 2 O, (Eq. 1), Boetius et al. 2000) and can be detected by video-imaging and biogeochemical analyses of sediments. Methane oxidation can also be associated with the precipitation of methanederived authigenic carbonates that accumulate at the seafloor or in the sediments (Aloisi et al., 2002) . However, the presence of authigenic carbonates and specific chemosynthetic habitats largely depends on the rate of the fluid flow and they are not always visible at the sediment surface (Lichtschlag et al., 2010) . If fluid flow rates are low or are variable with time (Grünke et al., 2011) , near-surface seabed fluid flow can be hard to detect, but the fluids can still be an important source of reduced substances into surface sediments and a threat to drilling operations (e.g., Judd and Hovland, 2009) . At high flow rates, the microbial filter that consumes methane within the sediments is not always effective. Thus release of methane to the water column is common, especially in shallow continental margins such as the North Sea, where the water column is frequently mixed by storms and methane emissions from the seabed can reach the atmosphere (Sommer et al., 2015; von Deimling et al., 2011) .
The Central North Sea is a globally important hydrocarbon province. Numerous fluid flow structures exist in the shallow sediment overburden, including bright spots and seismic chimneys. Surface expressions of the presence of near-surface fluid flow activity include pockmarks and macro-seeps, such as the Tommeliten, the Scanner pockmark and the Gullfaks seep areas in the North Sea (Hovland et al., 2012) . A new structure (Figure 1 ), the 3-km long Hugin Fracture, was discovered in 2011 in the Southern Viking Graben (Central North Sea, Norwegian Sector, block 16/4) and analysis of sub-bottom profiler data revealed the presence of bright spots that are interpreted to represent gas accumulations within the shallow strata Landschulze et al., 2014; Pedersen et al., 2013) . To determine the chemical composition and sources of material to the shallow sub-surface sediments, we conducted a multidisciplinary study of the shallow sediments in the vicinity of the Hugin Fracture. Fluid flow activity was monitored using geophysical tools mounted on an Autonomous
Underwater Vehicle (AUV), shipboard multibeam bathymetry surveys and seabed video photography with a towed underwater vehicle. The composition of porewaters in the shallow subsurface sediments was verified by geochemical analyses of sediment cores. These data This article is protected by copyright. All rights reserved.
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Geological setting and study area
The Hugin Fracture is located in the Southern Viking Graben (Utsira High) in the Central North Sea (Figure 1a ). The Southern Viking Graben contains hydrocarbon-rich Paleocene sediments (Heimdal Formation) that are charged by Jurassic source rocks (Justwan and Dahl, 2005) . The hydrocarbon-bearing units are overlain by the Miocene-Pliocene Utsira Formation.
The uppermost Quaternary sediments are significantly disturbed by Pleistocene glaciations that led to episodic erosion and infill of the basin, with the formation of glacio-morphological features, including subglacial tunnel valleys and ploughmarks (Sejrup et al., 2000; Lonergan et al., 2006; Dowdeswell and Ottesen, 2013; Praeg, 2003) .
Since 1996 the Utsira Formation has been used to store CO 2 that is a natural by-product of the gas extraction at the nearby Sleipner production site. The depth of the top of the Utsira Formation differs regionally from 550-1500 m below seafloor (Chadwick et al., 2004) . The Utsira Formation is capped by the low permeability sands and mudstones of the Nordland Shales (Northland Group), which are assumed to act as effective seal for fluid migration from below (Harrington et al., 2009) . Above that seal, shallow gas pockets can be present in the Northland Group sediments and seismic chimneys imply hydraulic connectivity between the strata (Karstens and Berndt, 2015) .
Methods
A multidisciplinary study of the Hugin Fracture was carried out in 2012 during RRS James Cook cruise JC77. The main target areas for the study were the Hugin Fracture and its surrounding area, mainly south and east of the Hugin Fracture, but also including the abandoned hydrocarbon exploration well 16/4-2 (Figure 1 ). Detailed information on all sampling stations in the working area is given in Table S1 .
Visual seafloor observations
High-quality visual imagery of the seabed was acquired with a 5 Mega-pixel digital downward looking color camera mounted on the AUV "Autosub 6000" with 60,000-70,000
image frames collected per deployment. More targeted observations were carried out with HyBIS, a survey and sampling robotic underwater vehicle. The navigation of HyBIS was provided using the ship's Sonardyne USBL tracking system with a mini-transponder beacon on the HyBIS vehicle.
High-resolution 2D seismic reflection
High-resolution 2D seismic reflection data (Chirp) were acquired using an Edgetech 2200-M Modular Sonar System, mounted on the AUV. The source sweep used during seismic data acquisition was a high frequency Chirp sweep, developed by Gutowski et al. (2002) that oscillated between 2-13 kHz for 32 ms, with sine squared 8 th envelope. The Chirp data were sampled at 43.4 kHz. The maximum penetration depth into the sediment was around 5 m (for V p =1500 m/s) throughout the surveys. Due to the high quality of the collected data, only simple
Chirp data processing was necessary: Correlation of the raw data with the source sweep, Ormsby band-pass filtering (1000-2000-10000-12000 Hz), minimum phase predictive deconvolution, trace mixing (3 traces), true amplitude recovery, trace muting, and instantaneous amplitude correction (Quinn et al., 1998; Cevatoglu et al., 2015) . The processed Chirp data were then corrected for depth using the shipboard multibeam bathymetry data (EM710).
Root Mean Square (RMS) seismic amplitudes (A RMS ) were calculated for Chirp seismic reflection data using Eq. 2:
where m is the total number of samples within the selected time window. After the extraction of RMS seismic amplitude along trace, these values were gridded and RMS seismic amplitude This article is protected by copyright. All rights reserved.
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Following each AUV deployment, amplitude corrections were applied to the raw data, followed by the production of side-scan mosaics. The side-scan mosaics were processed at 0.5 m.
Geochemistry

Water column sampling and analyses
Water column methane concentrations were determined in water samples collected in
Niskin bottles attached to a Conductivity, Temperature, Depth (CTD) rosette. A total of 63 CTD hydrocast transects were performed in the study area and samples for CH 4 analysis were collected at ~6, 8, 13 and 20 m above the seafloor and at 5 m below the seawater-air interface during each CTD deployment. To avoid contact with the atmosphere and the formation of bubbles, the seawater was collected in 500 mL blood bags using silicon tubing. Extraction of the methane from the seawater was done using the headspace method of Swinnerton et al. (1976) ; 60 mL of nitrogen headspace was introduced to all blood bags and the bags were allowed to equilibrate at 24°C for at least 2 hours. Methane concentration was determined by gas chromatography with flame ionization detector (GC-FID); to this end 20 mL of headspace gas was injected through a short desiccating column into the GC-FID and methane concentrations were determined from the area of peaks consistently produced at a retention time of 1.68 minutes. Peak heights were calibrated using 3 standards (a blank of pure N 2 , 10 ppm CH 4 and 20 ppm CH 4 ) and an atmospheric measurement. Every 10 samples the 10 ppm CH 4 standard was rerun to check for instrument drift. The accuracy and precision of this technique is better than ±1%.
Sediment coring and geochemical analyses of porewaters and sediments
Sediment cores of up to 3.8 m length were collected using a vibrocorer at 12 stations at the Hugin Fracture, the abandoned well 16/4-2 and in the surrounding area (Table S1 ), at water depths between 83 to 99 m. Positions for sediment cores were selected with the help of HyBIS and AUV images. Comparison of the actual core length with the core penetration depth recorded by an echosounder mounted on the vibrocorer showed that loss of surface sediments during core recovery was minimal.
Immediately after retrieval, the vibrocores (VCs) were sectioned into 0.5 m intervals, capped and transported into a controlled temperature room cooled to in situ temperature (~7° C).
Here, holes for sub-sampling were drilled into the plastic liners and taped to limit oxygen contamination. For sub-sampling sediments and porewaters under an oxygen-free atmosphere the sections were transferred into an anaerobic chamber filled with nitrogen.
Porewater was extracted from sediments directly with Rhizons (Rhizon CSS: length 5 cm, pore diameter 0.2 μm; Rhizosphere Research Products, Wageningen, Netherlands) inserted through the pre-drilled holes in the VC liners and connected to a syringe to which a small under pressure was applied. For some of the dry sandy sediments outside the Hugin Fracture, sediment samples were removed using plastic syringes through larger holes in the VC liners, transferred into centrifuge vials inside the nitrogen-filled anaerobic chamber and centrifuged for 6-10 minutes at 10,000 rpm for compaction of the sediments. Afterwards, porewater was extracted from these sediments inside the anaerobic chamber with Rhizons inserted into the vials prior to centrifugation.
Aliquots of 2 mL of porewater were taken for dissolved inorganic carbon (DIC) analyses and for analysis of the carbon isotopic composition of the DIC ( 13 C DIC ) and poisoned with mercuric chloride (5 μL) to prevent continued microbial turnover. A further 2.5 mL of the porewaters were acidified with 6 μL of concentrated suprapure HNO 3 for analyses of cations. 1-2 mL of the porewater were sub-sampled in the anaerobic chamber and fixed with zinc acetate for H 2 S analyses and sub-samples were also taken for analysis of sulfate and chloride; these samples were also fixed with zinc acetate if sulfide was present. Total Alkalinity (TA) was measured on board immediately after porewater sampling, by titration against 0.0005 mol L −1
HCl using a mixture of methyl red and methylene blue as an indicator. Analyses were calibrated against IAPSO seawater (certified by the International Association for the Physical Sciences of the Oceans) and the reproducibility of the analyses was better than ±1%. Any remaining porewater was frozen at -20 °C for nutrient analyses.
To determine the methane concentration in the sediments 3 cm 3 of sediment was sampled using a cut-off syringe, transferred to a headspace vial containing 5 mL of 1 mol L -1 NaOH and crimp-sealed. Methane concentration was determined on board on 10 mL of the headspace by gas chromatography as described above. To determine the porosity of the sediment 5 cm 3 subsamples were taken and stored in plastic containers at 4 C. The porosity of the sediments was determined by the mass difference between wet and dried samples. ) were determined using the diamine method (Cline, 1969 
Seismic Reflection Amplitude Mapping
On Chirp seismic reflection data, the Hugin Fracture appears as a sharp, sub-vertical (Figure 5a ). Methane concentrations in the area around the abandoned well, which has a methane release rate of ~4 t CH 4 yr -1 (Vielstädte et al., 2015) , are 660 ±140 nmol L -1 ( Figure   5b ). In the vicinity of the Hugin Fracture methane concentrations are between 1050 and 3160 nmol L -1 with an average of 1950 ±620 nmol L -1 (Figure 5b ). This value is far higher than that measured in bottom waters to the south of the Hugin Fracture, and values measured in the vicinity of the abandoned well (which is >2 km from the Hugin Fracture). Although highest methane concentrations are found above Segment A of the Hugin Fracture, high methane concentrations also occur above Segment B at several locations (Figure 5b ). In the surface waters methane concentrations are ~20 ±10 nmol L -1 .
Sediment lithology and geochemistry
Locations of sediment cores taken at the Hugin Fracture are given in Figure S1 . 
Composition of Utsira Formation waters
Results of the analyses of the Utsira Formation waters are displayed in Table 1 , which is more radiogenic than modern-day seawater (0.70918, Mokadem et al., 2015) .
Discussion
Hugin Fracture fluid composition and origin
Our geochemical and geophysical analyses indicate that the Hugin Fracture is a site of increased fluid flow activity and that reduced fluids are present in the near-surface sediments along the fracture. The chemical composition of the porewaters can be used to assess the origin of the fluids and to determine the extent to which their chemistry is modified by diagenetic and biogeochemical processes occurring in the shallow subsurface.
Fluid origin
The connectivity of the Hugin Fracture with the strata below the Northland Shales, i.e.
below 550 m below the seafloor, can be assessed by comparison between the geochemical composition of Utsira Formation fluids and porewaters in the shallow subsurface sediments (Table 1 and Li from silicate minerals occurs at moderate temperatures (50-350 C; e.g. James et al., 2003; Wimpenny et al., 2010) . Rb is not usually leached at these temperature (James et al., 2003) , which is also consistent with our observations. The 87 Sr/ 86 Sr ratio of the formation water is higher than that expected of Miocene-Pliocene-aged seawater (McArthur et al., 2001) , which is also consistent with input of radiogenic Sr from the reservoir sands. We conclude that Li and B are likely to be effective tracers of Utsira Formation water, as they are enriched by an order of magnitude compared to background porewaters, and are in general relatively unreactive during transport through the overlying sediment column. However, as concentrations of both elements are similar to seawater in the porewaters sampled along the Hugin Fracture (Table 1) , we conclude that Utsira Formation fluids are unlikely to be a source to the Hugin Fracture. Rather, fluids circulating within shallow subsurface sediments along the fracture must originate from within sediments located above the impermeable Northland Shale seal, i.e. < 550 m below the seafloor.
A shallow fluid source is also suggested by the carbon isotopic composition of the DIC.
The carbon isotopic composition of methane ( 13 C CH4 ) in surface sediments sampled during another expedition to the Hugin Fracture is between -85 and -32‰ VPDB, which indicates a microbial source (Haeckel et al., 2013) . The  13 C CH4 value of methane discharged from abandoned well 16/4-2 (-70‰ VPDB; Vielstädte et al., 2015) is within this range. Given that methane from deep hydrocarbon reservoirs in the North Sea has a much higher (thermogenic)  13 C CH4 value (~-40‰ VPDB, James, 1990) , and based on the thermal gradient in this area, the microbial methane must be produced <2 km below the seafloor (Vielstädte et al., 2015) .
Hydrogen carbonate ions produced by anaerobic oxidation of methane (Eq. 1) contribute to the DIC content of sediment porewaters, and will have a carbon isotope signature that reflects that of the methane from which it forms (Reeburgh, 2007) . Our  13 C DIC analyses show that porewaters from intervals with high sulfide concentrations have very low  13 C DIC values (~-57‰ VPDB) compared to background values of 0‰ VPDB (Figure 6a ). This strongly suggests that the methane has a biogenic source. Shallow pockets of gas have been described in the PliocenePleistocene sediments above the Utsira Formation and may well be the source of the methane in the shallow subsurface sediments Berndt, 2015, Vielstädte et al., 2015) . freshwater. Methane hydrate is unstable at the temperature and pressure conditions within the shallow subsurface sediments in this area, but this area was likely covered by ice during some parts of the last glacial period (e.g. Boulton & Hagedorn, 2006) , so the sediments could contain a freshwater component. The oxygen and deuterium isotopic compositions of porewaters from within 10 cm of the seafloor also indicate the presence of meteoric water (Haeckel et al., 2013) .
Biogeochemical and diagenetic processes
Black sediment patches and white microbial mats along the Hugin Fracture indicate the presence of methane in the shallow subsurface sediments (Judd and Hovland, 2009 ) and anaerobic oxidation of methane with sulfate close to the seafloor (Boetius et al., 2000) .
Anaerobic oxidation of methane explains the low levels of methane and sulfate (VC08, Figure   6a ) and the high concentrations of 13 C-depleted DIC and sulfide in all porewaters close to the Hugin Fracture. In organic carbon-rich sediments, low concentrations of porewater sulfate and high concentrations of porewater sulfide can be associated with sulfate reduction coupled to anaerobic degradation of organic matter once other electron acceptors (oxygen, nitrate, Fe-and Mn-oxides) have been depleted. However, this process does not seem to be important in this part of the North Sea, as sulfide is not present in sediment porewaters outside the Hugin Fracture and the carbon isotopic composition of the DIC (-57 ‰ VPDB) indicates a microbial methane source (Reeburgh, 2007) . Thus, although methane concentrations measured in our cores from the Hugin Fracture are relatively low, DIC data provide evidence for its microbial conversion in the shallow subsurface (Figure 6a ).
Porewaters containing higher concentrations of sulfide (i.e. VC08, VC10; VC28; Figure   6 ) are also characterized by relatively low levels of Ca, which may indicate authigenic carbonate precipitation due to the production of HCO 3 − during anaerobic methane oxidation (Eq. 1, Aloisi et al., 2002; Luff and Wallmann, 2003) . The increase of Ba in these fluids may be due to dissolution of barite (BaSO 4 ), which is a potential substrate for methane oxidation below the depth of sulfate depletion (Torres et al., 1996) . However, there is no obvious loss of Ba from the solid phase in the uppermost sediments (data not shown) and no authigenic carbonates were found, so these reactions must have occurred elsewhere in the sedimentary overburden. These
Ca-depleted, Ba-enriched fluids indicate that part of the methane may have been removed deeper in the sediments by anaerobic methane oxidation.
Oxidation of methane with sulfate usually results in a sharp transition from methane-rich sulfate-free porewaters to overlying methane-poor sulfate-rich porewaters (the 'sulfate-methane transition zone'; Borowski et al., 1996; Hensen et al., 2003) . However, sulfate porewater concentrations at some sites along the Hugin Fracture increase again below this transition zone (Figure 6a ), or sulfate has nearly constant concentrations in the upper part of the sediment column (Figure 6c ). In the same cores, methane concentrations remain at background values (Figure 6a, c) , except in VC08 where methane concentrations were <0.8 mmol L -1 . One explanation for this pattern is that the methane-rich and the low-salinity fluids have a different source. For example, in core VC14 (Figure 6c ), concentrations of both sulfate and chloride are ~50% lower than in the background sites, which implies that sulfate removal by methane deeper in the sediment was not an important process. Sulfide re-oxidation could have occurred by an unknown process in the deeper sediments, but  13 C DIC values (-20‰ VPDB) are significantly higher than they are in the methane-rich intervals (-57‰ VPDB). At this site, concentrations of total alkalinity and DIC are clearly higher than at the background sites and are consistent with the effects of organic carbon diagenesis; this explanation is supported by higher than background concentrations of ammonium, which is released during the remineralization of organic carbon Table S2 ). Fluids usually acquire radiogenic Sr isotope ratios during interactions with continental crust or terrigenous material (Elderfield & Gieskes, 1982) .
Geophysical imaging confirms that there are hotspots of gas or gas-enriched fluids, most notably at the fault bend in the Hugin Fracture (Figures 3, 4) . This fault bend thus potentially represents a hydraulic connection to the shallow gas pockets in the Pliocene-Pleistocene sediments above the Utsira Formation. We hypothesize that in the upper few meters of the sediment a connected fracture network exists that transports reduced methane-enriched fluids.
Transport of these fluids likely occurs both horizontally as well as vertically, because the dissolved sulfide distribution indicates that methane is only present in the upper 1 m of the sediment in cores VC14 and VC28. Nevertheless there is evidence (i.e. higher sulfide, TA, DIC concentrations and low 13 C DIC values) for anaerobic oxidation of methane at deeper depths in core VC10. Horizontal transport of methane is facilitated by differences in the permeability and/or porosity of different sediment layers; for example, methane-consumption is only observed in distinct layers within subsurface sediments at the Tommeliten seep area (Niemann et al., 2005) . In the Hugin Fracture area, horizontal gas migration may occur in the shelly layer.
Shallow fluid flow at the Hugin Fracture in a global context
The presence of methane-and sulfide-containing, reduced fluids in shallow sediments can have broad ecological and biological implications for the marine environment, providing chemosynthetic energy to usually energy-depleted parts of the ocean, but potentially also releasing a potent greenhouse gas into the water column and the atmosphere. In the Central and Northern North Sea, the presence of methane and its oxidation products in shallow subsurface sediments and methane release to the water column has been demonstrated at seabed pockmarks (Hovland et al., 2012) and at abandoned hydrocarbon exploration wells (e.g. Vielstädte et al., 2015) . The discovery of reduced fluids and evidence for the presence of shallow methane (high sulfide concentrations, bacterial mats) in the Hugin Fracture sediments suggests that fractures may also be important fluid migration pathways in the North Sea. Fault-related methane seepage structures have mainly been observed in tectonically active areas such as the Marmara Sea (Dupre et al., 2015) , the Santa Barbara Basin (Eichhubl et al., 2000) and the Nankai Trough (Henry et al., 2002) . Our study shows that the Hugin Fracture is an active conduit transferring fluids from the deeper in the sediment column (<500 m below the seafloor) into surface sediments, with visual and geophysical indicators for near-surface fluid flow, biogeochemical turnover of methane and large spatial variabilities.
Above sites of focused methane discharge, such as the Håkon Mosby mud volcano (Sauter et al., 2006) and mud volcanoes in the Gulf of Cadiz (Sommer et al., 2009) , methane concentrations can be >10,000 nmol L -1 . In the North Sea, background dissolved methane concentrations are typically ~ 5-10 nmol L -1 (von Deimling et al., 2011) ; concentrations as high as 400,000 nmol L -1 have been measured at North Sea blow-out sites (von Deimling et al., 2015) . In the vicinity of the Hugin Fracture methane concentrations reach up to 3160 nmol L -1 (Figure 5 ), which indicates that part of the methane in the shallow sub-seabed sediments in the vicinity of the fracture is not consumed by the microbial filter in the sediments, but is transferred to the water column. The lack of gas flares in the water column close to the fracture suggests that the majority of the methane emitted from the sediments is probably in dissolved form as found at other seep locations (McGinnis et al., 2006 , Sauer et al., 2015 or that methane emissions are ephemeral. Ephemeral gas emissions have been observed at the Marmara fault (Dupre et al., 2015) .
From the lack of gas bubbles, the relatively low methane concentrations measured in the water column, and the evidence for anaerobic oxidation of methane in sediment porewaters, we 
Monitoring of fluid flow across the seabed
There is an increasing need to develop accurate and cost-effective monitoring technologies that can be reliably used to quantify the extent and flux of reduced, methane-rich fluids to shallow sediments. Although the Central North Sea is extremely well-surveyed, the Hugin Fracture was discovered only recently . Here, we show that the fracture hosts reduced fluids in the near-surface sediments and the areal extent of these fluids may be similar to that of much larger features such as pockmarks. By comparing the different geochemical and geophysical approaches that were applied in the survey of the Hugin Fracture, we have identified various effective monitoring strategies:
 AUVs may be used to locate and investigate fluid flow structures using geophysical and geochemical sensing instruments. This article is protected by copyright. All rights reserved.  Along the Hugin Fracture, methane anomalies in the water column have been detected using traditional sampling techniques from a ship, but these may not be suitable for detecting smaller point sources (such as the abandoned wells). Source localization at smaller scales requires more advanced methods, such as sensors mounted on AUVs. 
Tables
